21 Physikalisches Institut, Universität Bonn, Bonn, Germany
We report the first direct observation of the strange b baryon Ξ candidates at a mass of 5.774 ± 0.011 (stat.) ± 0.015 (syst.) GeV. The significance of the observed signal is 5.5σ, equivalent to a probability of 3.3 × 10 −8 of it arising from a background fluctuation. Normalizing to the decay Λ b → J/ψ Λ, we measure the relative rate
= 0.28 ± 0.09 (stat.)
+0.09
−0.08 (syst.).
PACS numbers: 14.20.Mr, 14.65.Fy The quark model of hadrons [1] predicts the existence of a number of baryons containing b quarks, with a hierarchical structure similar to that of charmed baryons. Despite significant progress in studying b hadrons over the last decade, only the Λ b (udb) b baryon has been directly observed. The Ξ − b (dsb) (charge conjugate states are assumed throughout this Letter) is a strange b baryon made of valence quarks from all three known generations of fermions and is expected to decay through the weak interaction. Theoretical calculations of heavy quark effective theory [2] and nonrelativistic QCD [3] predict the Ξ − b mass in the range 5.7 − 5.8 GeV [4] . Experiments at the CERN LEP e + e − collider have reported indirect evidence of the Ξ − b baryon based on an excess of same-sign Ξ − ℓ − events in jets [5] . Interpreting the excess as the semi-inclusive Ξ
−0.24 ps [6] . In this Letter, we report the first direct observation of the Ξ − b baryon, fully reconstructed in an exclusive decay. We observe the decay Ξ The D0 detector is described in detail elsewhere [7] . The components most relevant to this analysis are the central tracking system and the muon spectrometer. The central tracking system consists of a silicon microstrip tracker (SMT) and a central fiber tracker (CFT) that are surrounded by a 2 T superconducting solenoid. The SMT is optimized for tracking and vertexing for the pseudorapidity region |η| < 3 (η = − ln[tan(θ/2)] and θ is the polar angle) while the CFT has coverage for |η| < 2. Liquid-argon and uranium calorimeters in a central and two end-cap cryostats cover the pseudorapidity region |η| < 4.2. The muon spectrometer is located outside the calorimeter and covers the pseudorapidity region |η| < 2. It comprises a layer of drift tubes and scintillator trigger counters in front of 1.8 T iron toroids followed by two similar layers behind the toroids. Fig. 1 ) is similar to that of the Λ b → J/ψ Λ decay; therefore, the reconstruction of the J/ψ and Λ and their selection discussed below are guided by the strategies applied to the Λ b lifetime measurement in D0 [8] . They are then validated with simulated Monte Carlo (MC) Ξ − b events. The pythia MC program [9] is used to generate Ξ − b signal events while the EvtGen program [10] is used to simulate Ξ − b decays. The Ξ − b mass and lifetime are set to be 5.840 GeV and 1.33 ps respectively, their default values in these programs. The generated events are subjected to the same reconstruction and selection programs as the data after passing through the D0 detector simulation based on the geant package [11] . MC events are reweighted using the weights determined by matching transverse momentum (p T ) distributions of J/ψ, proton and pion from the Λ b → J/ψ Λ → J/ψ pπ − decays in MC to those observed in the data. J/ψ → µ + µ − decays are reconstructed from two oppositely charged muons that have a common vertex. Muons are identified by matching tracks reconstructed in the central tracking system with either track segments in the muon spectrometer or calorimeter energies consistent with the muon trajectory. They are required to have p T > 1.5 GeV and at least one of them must be reconstructed in each of the three muon drift tube layers. The dimuon invariant mass M (µ + µ − ) is required to be in the range 2.5 − 3.6 GeV. In addition, events must have at least one reconstructed primary vertex of the pp interaction. If two or more vertices are reconstructed, the one closest to the reconstructed Ξ − b vertex (see below) is used. Events containing a J/ψ candidate are reprocessed with a version of the track reconstruction algorithm that improves the efficiency for tracks with low p T and high impact parameters. Consequently, the efficiencies for K 0 S , Λ, and Ξ − reconstruction are significantly increased. Figure 2 (a) shows the invariant mass distributions of the reconstructed Ξ − candidates (see below) before and after the reprocessing. The reprocessing increases the Ξ − yield by approximately a factor of 5.5. For further analysis, J/ψ → µ + µ − candidates are required to have mass 2.80 < M (µ + µ − ) < 3.35 GeV and p T > 5 GeV. The mass windows here and below are chosen to be approximately ±5σ and the p T requirement ensures that the selected J/ψ candidates are above the sharp turn-on of the detector and trigger acceptances.
The topology of Ξ
Λ → pπ − candidates are formed from two oppositely charged tracks that originate from a common vertex. The track with the higher p T is assumed to be the proton. MC studies show that this assignment gives nearly 100% correct combination. The invariant mass of the pπ − pair must have a mass between 1.105 and 1.125 GeV. The two tracks are required to have a total of no more than two hits in the tracking detector before the reconstructed pπ − vertex. Furthermore, the impact parameter significance (the impact parameter with respect to the event vertex divided by its uncertainty) must exceed three for both tracks and exceed four for at least one of them. These selection cuts are the same as those in Ref. [8] . The Λ candidates are then combined with negatively charged tracks (assumed to be pions) to form Ξ − → Λπ − decay candidates. The pion must have an impact parameter significance greater than three. The Λ and the pion are required to have a common vertex. For both Λ and Ξ − candidates, the distance between the event vertex and its decay vertex is required to exceed four times its uncertainty. Moreover, the uncertainty of the distance between the production vertex and its decay vertex (decay length) in the transverse plane (the plane perpendicular to the beam direction) must be less than 0.5 cm. These two requirements reduce combinatoric and track mismeasurement backgrounds.
The two pions from Ξ − → Λπ − → (pπ − )π − decays (right-sign) have the same charge. Consequently, the combination Λπ + (wrong-sign) events form an ideal control sample for background studies. Figure 2 (b) compares mass distributions of the right-sign Λπ − and the wrongsign Λπ + combinations. The Ξ − mass peak is evident in the distribution of the right-sign events. A Λπ − pair is considered to be a Ξ − candidate if its mass is within the range 1.305
− decay candidates are formed from J/ψ and Ξ − pairs that originate from a common vertex and have an opening angle in the transverse plane less than π/2 rad. The uncertainty of the proper decay length of the J/ψ Ξ − vertex must be less than 0.05 cm in the transverse plane. A total of 2308 events remains after this preselection. The wrong-sign events are subjected to the same preselection as the right-sign events. A total of 1124 wrong-sign events is selected as the control sample.
Several distinctive features of the Ξ 
+ are suppressed by requiring the Ξ − candidates to have decay lengths greater than 0.5 cm and cos(θ col ) > 0.99, as the Ξ − baryons in MC have an average decay length of 4.8 cm. Here θ col is the angle between the Ξ − direction and the direction from the Ξ − production vertex to its decay vertex in the transverse plane. These two requirements on the Ξ − reduce the background by an additional 56.4%, while removing only 1.7% of the MC signal events. The contribution from the Ω 
, and M (Λπ − ) are the reconstructed masses while M PDG (J/ψ) and M PDG (Ξ − ) are taken from Ref. [1] . The distribution of Fig. 3(a) . A mass peak near 5.8 GeV is apparent. A number of cross checks are performed to ensure the observed peak is not due to artifacts of the analysis: (1) The J/ψ Λπ + mass distribution of the wrong-sign events, shown in Fig. 3(b) , is consistent with a flat background. (2) The event selection is applied to the sideband events of the Ξ − mass peak, requiring 1.28 < M (Λπ − ) < 1.36 GeV but excluding the Ξ − mass window. Similarly, the selection is applied to the J/ψ sideband events with 2.5 < M (µ + µ − ) < 2.7 GeV. The high-mass sideband is not considered due to potential contamination from ψ ′ events. As shown in Fig. 3 (cd), no evidence of a mass peak is present for either
The possibility of a fake signal due to the residual b hadron background is investigated by applying the final Ξ
No indication of a mass peak is observed in the reconstructed J/ψ Ξ − mass distributions. (4) The mass distributions of J/ψ, Ξ − , and Λ are investigated by relaxing the mass requirements on these particles one at a time for events both in the Ξ − b signal region and the sidebands. The numbers of these particles determined by fitting their respective mass distribution are fully consistent with the quoted numbers of signal events plus background contributions. (5) The robustness of the observed mass peak is tested by varying selection criteria within reasonable ranges. All studies confirm the existence of the peak at the same mass.
Interpreting the peak as Ξ 
new likelihood L b is found. The logarithmic likelihood ratio 2 ln(L s+b /L b ) indicates a statistical significance of 5.5σ, corresponding to a probability of 3.3 × 10 
